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We report the observation of five muonic Z° decays. The mass and cross section times branching ratio is consistent
with the previous measurements of Z% — e*e”, Three of the muonic decays have unexpected features. One event is of the
type Z% - u*u"y. Two of the Z° — p*u~ decays are accompanied by several (>4) energetic (ET > 10 GeV) jets which are
difficult to explain within the framework of standard QCD corrections.

1. Introduction the charged intermediate vector bosons (IVBs) W *
We have recently observed the muonic decay of [1]. In an earlier analysis we have also reported on
the observation of one event consistent with the mu-
! Present address: University of Victoria, Canada. onic decay of the neutral IVB, Z0 [2],
2 Visitor from the University of Padua, Italy. pp - ZOX, Z0-ptu~ . (1)
0370-2693/84/$03.00 © Elsevier Science Publishers B.V. 241
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The present paper reports on five events of type
(1) that were recorded during the 1983 run, corre-
sponding to an integrated luminosity of 108 nb-1,
All these events are described in detail but special em-
phasis is given to three of them; one event consistent
with the hypothesis Z0 > u*u ™y and two events
where the u™u™ pair is accompanied by several ener-
getic jets. These three events do not fit easily in the
standard picture of Z0 production.

Since the dimuon background contamination is
negligible, the search has been extended to events
where both muons have transverse momentum pp >
5 GeV/c. In addition to the five Z0 events, ten events
were found with much lower dimuon masses, which
will be reported in a separate paper.

2. Detection and measurement of muons and jets

2.1. Muon identification, The UA1 apparatus has
already been described [3] ¥!. The components rele-
vant to the identification and measurement of muons
were discussed in detail in ref. [1]. In brief, a muon
emerging from the pp interaction region traverses the
Central Detector (CD), the electromagnetic calori-
meter and the magnetized hadron calorimeter. After
60 cm of additional iron shielding (except in the for-
ward region) it enters the muon chambers which
cover about 75% of the full solid angle.

The momenta of muons are determined in the CD
by their deflection in the central dipole field of 0.7 T.
The momentum uncertainty due to the measurement
error on each point is Ap/p ~0.5% X p (p in GeV/c).

The track position and angle measurements in the
muon chambers permit a second, essentially indepen-
dent, measurement of momentum. For high momen-
tum (p = 20 GeV/c) muons, the precision of this mo-
mentum measurement is comparable to the measure-
ment in the CD [1].

Finally the muon momenta can be constrained by
relying on overall transverse momentum conservation.
For Z0 — u*u™ events, where no neutrino is emitted,
the transverse momentum of the recoil hadronic debris
must be equal to the transverse momentum of the
(u*u7) system. The muon momenta and the transverse
energy flow are adjusted in a fit to obtain an over-all
balanced event.

*1 The UAI Collaboration is preparing a comprehensive re-
port on the detector [4].
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rithm [5] *2 applied to energy vectors defined from
calorimeter cells. A correction is applied to the meas-
ured energy (~ +25%) and momentum (~+20%) of
each jet, as a function of the pseudorapidity 7, azimuth
¢ and transverse energy Ep of the jet, on the basis of
test beam data and Monte Carlo studies. The jet mo-
mentum resolution is typically 18% for a calorimeter
jet of £ = 15 GeV, and improves with increasing jet
transverse energy. In this paper we consider all jets
with E1 2 7.5 GeV and pseudorapidity less than 2.5,
keeping in mind, however, that the jet finding proce-
dure and jet energy measurement become less reliable
when the E7 is smaller than 15 GeV.

3. Event selection and acceptance

3.1. Event selection. During the 1983 data-taking
period about 2.5 X 108 events were recorded on tape
for an integrated luminosity of 108 nb—1. Of these
about 1.0 X 106 events were muon triggers. All the
events were passed through a fast filter program
which selected muon candidates with pp > 3 GeV/c
or p> 6 GeV/c [1]. This filter program selected 7.2
X 104 events.

The 17 326 events from the fast filter program
which contained a muon candidate with pp >5GeV/c
were fully reconstructed, and then passed through
an automatic selection program which applied stricter
CD track quality and CD-muon chamber matching
requirements than were used at the filter stage. This
yielded a reduced sample of 6781 events.

A dimuon selection was made requiring two pp >
5 GeV/c muon tracks in the event, each satisfying the
criteria used in the inclusive muon selection. This
gave 26 candidate dimuon events which were scanned
on a high resolution graphics display facility. Of these
events, 7 were identified as cosmic rays and 6 as leak-
age of hadron showers through cracks in the calorim-
eters, leaving 13 candidates after scanning.

In addition to the dimuon selection described
above, all events with a dimuon trigger and at least
one reconstructed CD track with p;. > 7 GeV/c were
examined. Two extra dimuon events were found in
this way. In one event both CD tracks were very short
and failed the track length requirements of the filter.
In the other event one muon passed very close to the

*2 The corrections to jet energies and errors are discussed in
ref. [6].
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Fig. 1. Invariant mass distribution of the uu system for events
where both muons have transverse momenta larger than 5
GeV/e. The bottom part of the figure shows the mass values
with their errors for the 5 Z0 candidates A—F as determined
by using the method of E7-balance (events A, B, D, E). For
event C the topology of which is unusual, we chose to relax
our assumption about missing energy and therefore used
muon momenta determined without the balance constraint.
The errors on the masses for the events below My =30
GeV/c? are small.

edge of the chamber and was seen in only one projec-
tion. Hence the final dimuon sample (both muons py
>5 GeV/c) contains 15 events. Their mass distribution
m,,,, is shown in fig. 1. The S events with dimuon
masses exceeding 70 GeV/c? are interpreted as Z0 de-
cays.

3.2. Acceptance for muon pairs. We have estimated
the acceptance for detecting dimuons from Drell—Yan
and Z0 decays by Monte Carlo calculation [7]. Both
muons are required to have py > 5 GeV/c and to hit
the sensitive area of the muon chambers (in| <2),
and at least one muon is required to hit the area that
was active in the muon trigger (In] < 1.3).
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Due to the 5 GeV/c p cut-off, the acceptance for
Drell—Yan pairs is small for masses below 10 GeV/c2
and rises to 32% at 25 GeV/c2. It then continues to
rise slowly, mainly due to the increasingly central
production of high-mass pairs. At the Z0-mass the ac-
ceptance reaches 44%, determined by the limited
rapidity range of the muon trigger and the (~75%)
azimuth coverage. This acceptance is reduced to 37%
when we require a CD track length of at least 40 cm
in the bending plane.

4. Background

We have considered a number of possible back-
grounds to the muon sample. High py charged hadrons
can fake muons either by penetrating the calorimeters
and additional iron shielding without interaction, or
by leakage of the hadronic shower. These backgrounds
have been measured in a test beam and are found to
be <104 per incident hadron after requiring match-
ing between CD and muon chamber tracks. The leak-
age-induced background is then negligible. The domi-
nant background process is pion and kaon decay. The
probability for a pion (kaon) to decay before reach-
ing the calorimeter is ~0.02/pT (~0.11/py), where
pt is in GeV/c. This background has been evaluated
from events with a single high pp muon candidate by
calculating the probability for decays of other high
pr particles (pion or kaon) in each event. The back-
ground is found to be < 10-3 events.

The background contribution due to heavy flavour
jets, with semileptonic decays has been estimated
from events with a largepy lepton accompanied by a
recoil jet (< 10~3). The Drell—Yan continuum [7]
yields a background of 0.1 events for masses greater.
than 60 GeV/c2 . Production of W*W ™ pairs was found
to be completely negligible.

5. Results

The masses of the 15 events which survive our se-
lection criteria are shown in fig. 1. Two clear classes
are identified. Ten events cluster at low masses, and
will be discussed in a separate paper. The other five
events, which have high masses, are reported here.
Their parameters are listed in table 1.

Including the muons in the calculation of the vec-
tor energy, all events are consistent with having no
missing transverse energy. It is therefore justifiable to
apply the method of transverse momentum balance,
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Table 1
Properties of the UA1 high mass dimuon events.
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Properties of the individual muons

Lepton-pair properties

General event properties excluding

ptu”
Run Q p? Mass PT XF Eiot ZET) Charged
event (GeV/e) (GeV/c?) (GeV/e) (GeV) (GeV) tracks
AL + 34.4% ¢
947 -5 3
_ 47.8%1 80.1713 11.4:3.9 0.01 383 83.1 50
B 6599 + 55.8* 8
222 e 86.5% 2 16.6:3.4 0.15 167 473 26
- 40.1% 3 -8
-4
+ 50.6* b
€% _ 42_2;}% b) 8847469 5.742.09 0339 219 26.1 30
+ 61.8%}¢
8523 -11
D5 _ 457t 95.8*23 1.3*2:4 0.20 270 217 22
+ 40.6*3%
ENN . '5;%3 87.5%61 56£2.5 0.03 303 34.0 32
a) Average momentum obtained from the three methods, see text.

b) Momenta obtained without ET balance.
©) Parameters for (u'*u "y)-system.

as described in section 2. It also meéans that the trans-
verse momentum, pf*, of the dimuon system is ba-
lanced by the transverse energy flow of the “rest of
the event”. This quantity has smaller measurement
errors than the pf* determined from the momenta
of the muons. We therefore show pi* as determined
from the total energy flow in fig. 4a and table 1.

Three events show a topology different from what
was naively expected for Z0-production. Only two
events, D and E, show small p’]‘.“ and have no jet ac-
tivity.

In event C a single neutral electromagnetic deposi-
Table 2

Mass values for the Z% — uuy event C, The parameters of the
y/n® are Ep =105 £ 0.9 GeV,n = -1.7,¢ = —152°.

Combination Mass rT
(GeV/c?) (GeV/e)
wtu Ty 88.474¢ 57+ 2.09)
wru” 70.9*3] 104+ 2.49)
uty 5.0+ 0.4 30 *3
= +28 43
uy 52.57%3 31 8

2) From calorimetry only.
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tion of £ = 28.3 GeV, consistent in shower develop-
ment with one or several y (70) was found near to one
of the muons. Otherwise the event is very “quiet”, the
scalar ET of the “rest of the event” is 15.6 GeV,
smaller than the average activity in minimum bias events.
This uuy event C should be considered in the context
of two similar events found in the electron decay chan-
nel by the UA1 and UA2 Collaborations [8,9], These
events were interpreted as Z9 —e*e . For both elec-
tron events it is necessary to include the  to recon-
struct a mass that is consistent with the Z0-mass. In
addition the p of the e*e ™y system is significantly
smaller than the py of the e*e ™ system. The same ten-
dency is seen in the utu ~y-event, but the measure-
ment errors are much larger. The mass values and
transverse momenta are listed in table 2. As for the
electron events, the v is close to one of the leptons.
Both the angle ap(u*y) = 7.9°£0.1° and the fraction
ko =0.35 £ 0.04 of the energy carried by the 7 are too
large to be accounted for by bremsstrahlung. For muons
the probability of external bremsstrahtung is negligible.
The calculated probability for internal bremsstrahlung
is

P(a> ag, k >kg) =0.007 .
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Fig. 2. Configuration of the Z® — u*u~ event A with jets: (a) In the plane transverse to the beam axis. (b) In pseudorapidity n.
(c) “Lego”-plot of the energy deposition in the calorimeters as function of n and azimuth ¢.

Hence less than 0.04 Z0 - yyu events are expected to
show a bremsstrahlung as observed in event C. In what
follows the ywill always be included in the uu system.
The events A and B show large jet activity of a
similar configuration, figs. 2 and 3. In both eventsthe
jet activity is shared by four jets (table 3), one of
them forward and the other three in the central rapi-
dity region |n| <1.2. The masses and transverse mo-
menta of the muon jet system are given in table 4.
The multijet masses alone are in the IVB mass range.
The masses of the muons and the central jets exceeds
120 GeV/c2. Similar high masses were found in one
Z9 > e*e ™ event [2], that also shows large jet acti-
vity, and in the events with mono jets and missing
energy [10]. These events contain considerably more
jet activity than expected from QCD. A high statistics

Table 3
Jet parameters of the Z% — u*u " events A, B, see figs. 2 and 3.

Run Jet ET n ¢
event No. (GeV) (deg)
A 6318 1 22.8+3.3 0.1 177
2 13.0:2.2 -0.7 -7
3 11544 -1.1 ~162
4 16.9:3.0 -23 32
B %599 1 11.1:4.1 0.6 6
2 20.6+3.5 2.1 ~115
3 10.1:3.8 ~0.5 -156
4 >7.1:0.12) 1.2 ~ 88

a) Only the charged component of the jet is given (CD jet),
since the jet points towards an insensitive region of the
calorimeter.
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Fig. 3. Same as fig. 2, but for the 29 - y*u~ events B. The CD jet (No. 4) is indicated with a dotted line; it does not appear on the
Lego plot of the calorimeter cells.

Table 4
The Z® - ¥~ events with jets: mass, pT, XF.
Run event Combination Mass PT XF
(GeV/c?) (GeV/c)

A% " 80.1*13 18* 3 0.01£0.03
wE- 149 17 24:10 —0.08+0.04
central jets
ptu”
all jets 214 21 24:12 -0.39:0.07
Inl <2.5
central jets 62 £ 9 21 6 —-0.08+0.02
all jets 114 14 8+ 7 —0.40:0.06
Int <2.5

B3 #:#' 86.5% 34 21* ¢ 0.13:0.02
L 129 16 15¢ 6 0.18+0.03
central jets @
wtu~
all jets 2) 183 £22 10*13 0.50:0.06
Inl < 2.5
central jets @) 39 £+ 8 10+ S 0.05+0.01
all jets 2 81 :16 29: 6 0.37:0.05
Il <2.5 = * -2 /20

) CD Jet included.
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Fig. 4. (a) Transverse momentum distributions of the lepton pairs originating from W — 2%y and Z% - ¢*¢~ decays. (b) Fractional
beam momentum (xp) distributions of these lepton pairs. (In the case of W — *» the smaller of the two solutions for X is plotted
when the ambiguity could not be resolved.) (¢) Angular distributions of the leptons in the Z0 rest frame. We define 6 * as the angle

between the positive lepton and the outgoing antiproton direction.

experiment is planned in order to conclusively assess
the existence of such a phenomena.

The measured transverse momentum of the ZO,
p%, is given in fig. 4a together with the distributions
for Z0 > ete™ and W* — wp, ev. They are all consis-
tent with a common distribution. Fig. 4b shows the
longitudinal motion of the IVBs, which is determined
mainly by the structure functions for the valence
quarks. The Z0 decay angular distribution, shown in
fig. 4¢, shows no significant structure with present
statistics.

Averaging the observed mass values of the four
utu” events and the u*u~y event we find

(m,,»=858"1%Gev/c?

consistent with the value measured for Z0 >e¥e™
[2 37] 3’

(M) =95.6+1.4(22.9)GeV/c?  (UAI)

where the first error accounts for the statistical error
and the second for the uncertainty of the overall

energy scale of the electromagnetic calorimeters. The
average value from all 9 Z0 events found in the UA1
experiment is mzo = 939 * 2.9 GeV/c2. The error
includes the systematic uncertainty.

The integrated luminosity for the present data
sample is 108 nb~1, with an estimated uncertainty of
15%. With the geometrical acceptance of 0.37 the
cross section, calculated using the 4 events with both
tracks longer than 40 cm, is

(0-B),, =100 £50 (£15)pb ,

where the last error includes the systematics both
from acceptance and luminosity. This value is in good
agreement both with Standard Model predictions
[11]*® and with our results for Z0 - e*e ™, namely
(0* B),, =41 £21(27) pb. From the electron and the
muon channels we get the average cross section of

(0°B)g=58+21(9)pb.

*3 For a review of experimental results, see ref. [12].

247



Volume 147B, number 1,2,3

This result has only been made possible by the
magnificent performance of the whole CERN Accele-
rator Group. We have received enthusiastic support
from H. Schopper and from I. Butterworth, for results
emerging from the collider programme.

We are thankful to the management and staff of
CERN and of all Participating Institutes who have
vigorously supported the experiment.

The following funding Agencies have contributed
to this programme:

Fonds zur Férderung der Wissenschaftlichen
Forschung, Austria.

Valtion luonnontieteellinen toimikunta, Finland.
Institut National de Physique Nucléaire et de Physique
des Particules and Institut de Recherche Fondamen-
tale (CEA), France.

Bundesministerium fiir Forschung und Technologie,
Germany.

Istituto di Fisica Nucleare, Italy.

Science and Engineering Research Council, United
Kingdom.

Department of Energy, USA.

Thanks are also due to the following people who
have worked with the Collaboration in the prepara-
tions for and data collection on the runs described
here: F. Berasconi, F. Cataneo, R. Del Fabro,

L. Dumps, D. Gregel, J.-J. Malosse, H. Muirhead,
G. Salvi, G. Stefanini, R. Wilson, Y.G. Xie and
E. Zurfluh.

The help of Mrs. M. Keller and Mrs. C. Rigoni in
the editing of this paper is also gratefully acknow-
ledged.

248

PHYSICS LETTERS

1 November 1984
References

[1] UA1 Collab., G. Arnison et al., Phys. Lett. 134B
(1984) 469.

[2] UA1 Collab., G. Arnison et al., Phys. Lett. 126B (1983)
398.

[3] M. Barranco Luque et al., Nucl. Instrum. Methods 176
(1980) 75;

M. Calvetti et al., Nucl. Instrum. Methods 176 (1980)
255; IEEE Trans. Nucl. Sci. N§-30 (1983) 71;

M. Corden et al., Phys. Scr. 25 (1982) 5,11;

K. Eggert et al., Nucl. Instrum. Methods 176 (1980) 217.

[4] UA1 Collab., to be published in Nucl. Instrum, Methods.

[5] UA1 Collab., G. Arnison et al., Phys. Lett. 132B (1983)
214.

[6] M. Della Negra et al., Correction tables and error esti-
mates for jet energies and momenta, UA1 Technical Note
UA1/TN/8443 (unpublished).

[7] F.E. Paige and S.D. Protopopescu, ISAJET program,
BNL 29777 (1981);

B. Humpert, Phys. Lett. 85B (1979) 293.

[8] UA1 Collab., G. Arnison et al., Phys. Lett. 135B (1984)
250.

[9] UA2 Collab., P. Bagnaia et al., Phys. Lett. 129B (1983)
130.

[10] UA1 Collab., G. Arnison et al., Phys. Lett. 139B (1984)
115.

[11] S.L. Glashow,Nucl. Phys. 22 (1961) 579;
S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264;
A. Salam, Proc. 8th Nobel Symposium (Aspenisgarden,
1968) (Almgqvist and Wiksell, Stockholm, 1968) p. 367.

[12] E.g. C. Rubbia, The physics of the proton—antiproton
collider, Invited talk Intern. Europhysics Conf. on High
energy physics (Brighton, UK, 1983), CERN-preprint EP/
83-168 (1983).



